The circumsporozoite protein (CSP) from the surface of sporozoite stage Plasmodium sp. malaria parasites is among the most important of the malaria vaccine candidates. Gene gun injection of genetic vaccines encoding Plasmodium berghei CSP induces a significant protective effect against sporozoite challenge; however, intramuscular injection does not. In the present study we compared the immune responses and protective effects induced by P. berghei CSP genetic vaccines delivered intradermally with a needle or epidermally with a gene gun. Mice were immunized three times at 4-week intervals and challenged by a single infectious mosquito bite. Although 50 times more DNA was administered by needle than by gene gun, the latter method induced significantly greater protection against infection. Intradermal injection of the CSP genetic vaccine induced a strong Th1-type immune response characterized by a dominant CSP-specific immunoglobulin G2a (IgG2a) humoral response and high levels of gamma interferon produced by splenic T cells. Gene gun injection induced a predominantly Th2-type immune response characterized by a high IgG1/IgG2a ratio and significant IgE production. Neither method generated measurable cytotoxic T lymphocyte activity. The results indicate that a gene gun-mediated CS-specific Th2-type response may be best for protecting against malarial sporozoite infection when the route of parasite entry is via mosquito bite.
Vaccination by using "naked" plasmid DNA is revolutionizing vaccine development. Genetic vaccines have been employed in animal studies to induce protective immune responses against a variety of viruses, bacteria, and parasites (5) , and preliminary Phase I testing has been conducted in humans (30, 34) .
Because genetic vaccination induces a response in both the humoral and cellular arms of the immune system, this approach offers new opportunities in malaria vaccine development. Genetic vaccines encoding the circumsporozoite protein (CSP) gene from Plasmodium yoelii (28) and Plasmodium berghei (17) protected against malaria infection in BALB/c mice. Intramuscular (i.m.) needle injection of the P. yoelii CSP vaccine induced a significant protective effect against an intravenous sporozoite challenge (28) . Epidermal (e.d.) injection of the P. berghei CSP vaccine conferred a significant protective effect against a challenge by infectious mosquito, but intramuscular injection did not (17) . i.m. immunization with the P. yoelii CSP vaccine initially induced an interleukin 4 (IL-4)-dependent Th2-type response (19) that quickly switched to a Th1-type response characterized by upregulation of gamma interferon (IFN-␥), induction of high titers of immunoglobulin G2a (IgG2a), and cytotoxic leukocyte (CTL) activity after boosting. Epidermal immunization with the P. berghei CSP vaccine resulted in a much slower progression from a Th2-type response toward a Th1-type response, which was measured by IgG1-toIgG2a isotype switching (17) . Although CTLs specific to the known H-2K d class I epitopes of P. berghei were not detected, the shift from IgG1 to IgG2a indicated that a Th1-type immune response might be important for protection.
In other CSP genetic vaccine studies, protection against sporozoite infection was observed for animals vaccinated with mixtures of plasmids expressing the CSP gene and the granulocyte-macrophage colony-stimulating factor gene injected i.m. (35) , mixtures of plasmids expressing different malaria antigens injected i.m. (7) , and boosting with recombinant CSP vaccinia virus after priming with a minigene construction injected e.d. by using a gene gun (26) or a CSP genetic vaccine injected i.m. (29) .
Intradermal (i.d.) needle injection (25) , like i.m. injection, generally induces a strong Th1-type response (8, 13, 22) . The induction of Th1-type responses by i.d. and i.m. injection and of Th2-type responses by gene gun injection (10, 11, 21, 32) can be explained by the amount of DNA injected (1) .
The objective of this work was to define the type of immune response induced by i.d. injection of a P. berghei CS genetic vaccine and to determine if the response could protect against challenge with malaria by infectious mosquito bite.
MATERIALS AND METHODS

Construction of vectors.
Construction of the expression vector WRG-6518 was reported previously (17) . In this vector, the natural CSP signal sequence for P. berghei CSP was replaced with the human tissue plasminogen activator (hTPA) signal sequence. The plasmid pCMV-hTPA/CSP was prepared by using PCR to amplify the hTPA/CSP insert in WRG-6518 (sense primer, 5Ј-GGGCTCGAG ATGGATGCAATGAAG-3Ј; antisense primer, 5Ј-CCCGCGGCCGCTTAATT AAAGAATACTAATACTAAT-3Ј), and the product was cloned into the eukaryotic expression vector pCI (Promega, Madison, Wis.) via the XhoI and NotI restriction sites within the vector's multiple cloning site. The insert's sequence was verified by using an ABI Prism genetic analyzer (Perkin-Elmer, Norwalk, Conn.) and was identical to the CSP gene sequence within WRG-6518. The plasmid was propagated in Escherichia coli Xl1-blue (Stratagene, La Jolla, Calif.). Large-scale purification of the expression vector was conducted with Endo Free Plasmid Giga kits (Qiagen, Hilden, Germany) according to the manufacturer's protocol. The plasmid DNA was stored in endotoxin-free H 2 O at Ϫ20°C.
Animals and immunization protocol. Mice used for immunizations were 6-to 8-week-old BALB/c females from the Jackson Laboratory (Bar Harbor, Maine) and Himberg (Himberg, Austria). Sera were collected before the first immunization and at weekly intervals thereafter. Sera were preserved by adding sodium azide (final concentration, 0.2%) and stored at 4°C. Mice were vaccinated three or four times at 4-week intervals. For i.d. needle injection, the backs of anesthetized mice were shaved and injected with 100 g of plasmid DNA in 100 l of sterile phosphate-buffered saline (PBS) divided equally between two sites. For gene gun vaccination, plasmid DNA was precipitated onto gold beads (diameter, 1.6 m) with CaCl 2 in the presence of spermidine at a loading rate of 2 g of DNA per milligram of gold. Mice received a total of 2 g of DNA, divided between two nonoverlapping areas, on the shaved abdomen, at a helium pressure of 400 lb/in 2 as described previously (17) . Analysis of antigen-specific antibody production by ELISA. Black 96-well high-bind immunoplates (Greiner, Kremsmuenster, Austria) were coated by overnight incubation at room temperature with a synthetic peptide containing three copies of the CSP repeat epitope (DPPPPNPN) at a concentration of 1 g/ml in PBS. Plates were washed with water using an AW1 automatic enzymelinked immunosorbent assay (ELISA) plate washer (Anthos Labtec, Salzburg, Austria) and blocked with blocking buffer (0.015 M Na 2 B 4 O 7 ⅐ 10H 2 O, 0.12 M NaCl, 0.05% Tween 20, 1 mM EDTA, 0.25% bovine serum albumin, 0.05% NaN 3 [pH 8.5]) for 2 h at room temperature. Sera were serially diluted in blocking buffer, added to the plates, and incubated for 2 h at room temperature to capture immunoglobulin. Horseradish peroxidase-conjugated detection antibodies prepared with goat anti-mouse IgG (Bio-Rad, Hercules, Calif.), rat antimouse IgG2a (PharMingen, San Diego, Calif.), or rat anti-mouse IgG1 (Biosource, Camarillo, Calif.) were diluted 1:1,000 in blocking buffer and reacted for 2 h at room temperature. The assay was developed with Luminol (BM chemiluminescence substrate; Boehringer Mannheim, Mannheim, Germany) diluted 1:2 in H 2 O. Chemiluminescence (photon counts/second) was quantified by using a Lucy I ELISA-plate Luminometer (Anthos Labtec).
In order to control for plate-to-plate variation, the endpoint titer of CSPspecific IgG in test sera was determined by interpolation from standard curves prepared with high-titered reference antiserum run on each ELISA plate. Wells with a luminescence greater than 3 standard deviations (SD) above the background level were scored as positive. Background levels were calculated by using the average luminescence value from at least 20 wells lacking primary antibodies.
For the detection of serum IgM and IgE, diluted sera were incubated for 3 or 14 h, respectively. Anti-IgE secondary antibody was incubated for 4 h (rat anti-mouse IgE; Biotrade, Vienna, Austria), and sheep anti-mouse IgM (SigmaAldrich, Deisenhofen, Germany) was incubated for 2 h.
IFA. Two weeks after the fourth immunization, antibody titers were determined by indirect immunofluorescence assay (IFA) and P. berghei ANKA strain sporozoites were placed on multispot glass slides, air dried, and stored at Ϫ20°C until used. Sporozoites were fixed with ice-cold methanol and incubated with blocking buffer for 1 h at 37°C. Sera were diluted 10-fold in blocking buffer and incubated for 90 min. Slides were washed three times with H 2 O and incubated for 90 min with fluorescein isothiocyanate-labeled goat anti-mouse IgG (HϩL) (Zymed, San Francisco, Calif.). After repeated washings, slides were mounted in PBS containing 50% (vol/vol) glycerol and 50 mM dithioerythritol to reduce bleaching. Digital images of the sporozoites were obtained in a UV microscope and analyzed for integrated fluorescence density as a relative measurement of antibody titer. For each serum sample, the average integrated fluorescence density of more than 20 randomly chosen sporozoites was determined.
Proliferative responses. Splenocytes were prepared 2 weeks after the final immunization, were resuspended in Dulbecco's modified Eagle's medium supplemented with 100 U of penicillin and streptomycin/ml, 5% heat-inactivated fetal calf serum (FCS), 2 ϫ 10 Ϫ6 M 2-Me, 1 mM sodium pyruvate, and 2 mM L-glutamine, and were distributed into 96-well, flat-bottom tissue culture plates (Becton Dickinson, Franklin Lakes, N.J.) at a density of 10 6 cells/well. Wells were treated with 20 g of peptide/ml containing a class II epitope. Peptides used included CS 57-70, CS 260-279, or CS 242-279 (18 Quantification of cytokines in proliferation assay supernatants. IFN-␥ and IL-4 in supernatants from splenocytes stimulated in vitro with CSP peptides were quantified by sandwich ELISA using the OptEIA system (PharMingen). Briefly, cytokines were captured with monoclonal anti-mouse IFN-␥ or anti-mouse IL-4 antibodies. Cytokines were identified by adding biotinylated anti-IFN-␥ or anti-IL-4 followed by avidin-conjugated horseradish peroxidase. The luminometric assay described above was used to detect reactions, and the cytokines were quantified by extrapolation from a standard curve prepared with recombinant murine IFN-␥ or IL-4 (PharMingen, San Diego, Calif.).
Challenge. Fourteen days after the third immunization, mice were challenged by a single infectious mosquito bite as described previously (17) . Infection was determined by the presence of blood stage parasites in Giemsa-stained thin blood smears prepared 7 and 14 days after challenge.
Statistical analysis. Serology and proliferation assays were performed on groups of four mice each. Data are expressed as the mean Ϯ the standard error of the mean (SEM). Statistical significance was assessed using an unpaired Student's t test. For the challenge experiments, a group size of 10 mice was used. To evaluate the protective effect of the vaccination, Fisher's exact test was used to compare differences between the control group and the immunized groups. This test was also used to compare the different immunized groups.
RESULTS
Immune responses induced by gene gun immunization or needle injection of DNA differ quantitatively. BALB/c mice were vaccinated four times with pCMV-TPA/CS at 4-week intervals either by gene gun immunization or needle injection. Serum samples were collected weekly and tested for antibodies specific for the CSP repeat epitope (Fig. 1) .
Needle injection induced a twofold increase in titers of antibody by week 3 after priming, and this level returned to baseline by week 4. Boosting at week 4 induced nearly a twofold increase in antibody titer by week 7, but the antibody levels began dropping at week 8. Boosting again at week 8 caused a 50% increase in the levels of antibody by week 11, and boosting at week 12 caused an additional twofold increase in the titer of antibody by week 14. Needle injection induced an overall 10-fold increase over the baseline titer.
Gene gun injection did not significantly increase the titer of antibody until week 4 after priming, and this titer never returned to baseline levels. Boosting at week 4 induced a 20-fold increase in the antibody titer by week 8. Boosting at week 8 caused an additional threefold increase that reached a plateau at week 10 and was not boosted further. Gene gun injection induced an overall 100-fold increase in the antibody titer over the baseline titer.
Determination of IgG by IFA at week 14 revealed that gene gun injection induced approximately 2.5 times more sporozoite-reactive antibody than needle injection. The average integrated density for the gene gun-injected group was 36,770 Ϯ Gene gun immunization induced an earlier CSP-specific IgM response and a stronger CSP-specific IgE antibody response. Gene gun vaccination induced a CSP-specific IgM response, but the response did not appear until 1 week after the second immunization, at which time it reached a plateau, where it remained for the duration of the experiment (Fig. 3b) . Furthermore, gene gun vaccination induced a CSP-specific IgE response, which appeared after the second immunization, peaked 2 weeks after the third immunization, and began dropping after the last immunization. (Fig. 3a) .
Needle vaccination also induced CSP-specific IgM antibody, but the response did not exceed baseline levels until after the fourth immunization (Fig. 3b) , at which time it approached the levels induced by gene gun injection. Needle injection may have induced a low level of CSP-specific IgE antibodies, but at their highest levels they were not significantly different from background levels (Fig. 3a) .
Neither modality of immunization induced an in vitro proliferative response or a CTL response. Proliferative responses against all peptides used were weak. Gene gun injection and needle injection of the CSP genetic vaccine yielded stimulation indices ranging from 0.83 to 1.24 and 1.06 to 1.56, respectively, for the T-helper epitopes contained within the peptides CS 57-70, CS 260-279, and CS 242-279; these responses were not significantly different from results for controls (Table 1) . No CTL responses to any of the peptides were detected (data not shown).
Only splenocytes from needle-injected mice recall a detectable cytokine response in vitro. In vitro stimulation with peptides CS 57-70 and CS 242-279, which both contain a class I and a class II epitope, recalled 25 times more IFN-␥ from splenic lymphocytes prepared from needle-injected mice than from control mice. However, stimulation of these cells with peptide CS 260-79, which is the C-terminal part of CS 242-279 and contains only a class II epitope, failed to recall this IFN-␥ response ( Table 2) . None of these peptides recalled an IL-4 response from splenocytes obtained from needle-injected mice (Table 2) , nor did they recall either an IFN-␥ or an IL-4 response from splenocytes obtained from gene gun-vaccinated mice (data not shown).
Gene gun immunization provided significant protection against malaria, but needle injection did not. BALB/cJ mice were vaccinated three times at 4-week intervals either with a Data shown are average stimulation indices (n ϭ 4 mice). Ovalbumin (Ova) was used as a control protein for stimulation.
b Only peptide CS57-70 in the needle group stimulated a significant proliferative response compared to results for the control (P Ͻ 0.05). WRG-6518 or with pCMV-TPA/CS given by needle injection or gene gun injection. Vaccinated mice were challenged by a single infectious mosquito bite 14 days after the last immunization (Table 3) . Infection rates in vaccinated mice were compared with those in cohort-matched naïve control mice. The strong reduction in the infection rate produced by gene gun injection of either WRG-6518 (1 of 10 mice infected) or pCMV-TPA/CS (2 of 9 mice infected) was significant when compared to results for naïve control mice (9 of 10 mice infected; P Ͻ 0.05). A weak reduction in the infection rate was produced by needle injection of either plasmid (with WRG-6518, 6 of 9 mice were infected; with pCMV-TPA/CS, 6 of 10 mice were infected), but this effect was not significant when compared to results for naïve control mice (P Ͼ 0.05). Overall, the reduction in the infection rate obtained by gene gun injection (3 of 19 mice infected) was significantly greater (P Ͻ 0.05) than that obtained by needle injection (12 of 19 mice infected).
DISCUSSION
Multiple factors influence the immune responses induced by genetic vaccination. Early studies identified the immunization site as one of these factors (2-4, 12, 31, 33) ; however, more recently it has become clear that the amount of plasmid DNA injected, which is related to the amount of CpG motifs administered, also plays an important role (1). Previously, we showed that low doses of DNA targeted to the skin by using gene gun injection gave a stronger protective immunity against sporozoite challenge by infectious mosquito bite than large doses of DNA given in muscle by needle injection (17) . In that study, we suggested that the induction of Th1-type immune responses might account for the protective effect of the genetic vaccine, as had been observed by others (19, 28) . In the present study, we evaluated the protective efficacy and the nature of the immune responses induced by targeting skin with a malaria genetic vaccine delivered e.d. by gene gun and i.d. by needle. Efficacy was tested by challenging by an infectious mosquito bite. Because e.d. injection of small amounts of DNA induces Th2-type responses (12-15) and i.d. injection of larger amounts of DNA induces Th1-type responses (8, 13, 22) , they may differ in their abilities to protect against challenge.
Analysis of the immune responses that were induced showed that the kinetics and levels of immunoglobulin synthesis and types of cellular immune response differed for the two modalities. First, although neither approach induced a significant IgM response after the first immunization, gene gun vaccination induced maximal IgM titers after the second immunization which were maintained throughout the regimen. The IgM response induced by needle injection approached that induced by the gene gun only after the fourth immunization. Second, gene gun vaccination with the regimen used here induced primarily a Th2-type immune response (high IgG1:IgG2a ratio; high IgE), and needle injection induced a Th1-type immune response (low IgG1:IgG2a ratio; no IgE; IFN-␥ response in splenocytes stimulated with CSP peptides bearing major histocompatibility complex [MHC] class I epitopes). Third, for a gene gun-injected genetic vaccine, the initial immune response was strongly polarized towards a Th2-type response (IgG1: IgG2a ratio, ϳ8:1), which changed slightly upon additional immunization (IgG1:IgG2a ratio, ϳ2.8:1) and down regulation of CSP-specific IgE after the third immunization, whereas for needle injection the strong Th1-type immune response was maintained throughout the regimen (constant IgG1:IgG2a ratio, ϳ0.6). Finally, the total CSP-specific IgG produced by gene gun vaccination exceeded that induced by needle injection by 2.5-fold in the case of IFA against sporozoites and by 10-fold in the case of ELISA against the peptide corresponding to the repetitive CS epitope. These results are consistent with data obtained by immunofluorescent antibody analysis of the IgG, IgG1, and IgG2a titers in prechallenge sera taken from the challenge cohort (not shown).
The dominance of Th1-type immune responses after i.m. (10) and i.d. (25) genetic immunization and the preferential induction of Th2 responses by gene gun immunization (10) have been reported previously. The induction of the Th1-type responses by genetic vaccination has been attributed in part to the dose of DNA administered (1) and to the presence of immunostimulatory DNA sequences containing CpG motifs (14, 15, 25) . Although the CSP gene proper sequence lacks CpG motifs, the pCI plasmid backbone contains 38 motifs (data not shown).
Given that IgM production is usually thought of as being characteristic for a primary immune response, the appearance of CSP-specific IgM only after the second gene gun immunization is intriguing. One possible interpretation of this result is that the threshold level of antigen required to induce an immune response was not achieved until the second gene gun immunization, and once this antigen threshold was reached, further immunizations did not improve the IgM response. It has been observed that a plasmid capable of expressing antigen persists for up to 14 weeks after injection (S. A. Johnston, personal communication). Thus, waiting a sufficient period of time after priming might allow an accumulation of antigen that is sufficient to permit IgM induction without further immunization.
Proliferative cellular responses to three different CSP peptides bearing MHC class II epitopes were not detected after immunization with either method, nor were IL-4 responses recalled. However, peptides CS 57-70 and CS 242-279, both of which contain a class I and a class II T-cell epitope (16, 18) , were able to recall CSP-specific IFN-␥ responses from splenocytes prepared from needle-vaccinated mice but not from those prepared from gene gun-vaccinated mice. The peptide CS 260-279, which contains a class II epitope but not a class I epitope, did not recall this response from mice vaccinated by either modality. Because both CS 57-70 and CS 242-279 contain a class I epitope, the source of this IFN-␥ response may be CSP-specific CD8ϩ T-cells.
Different approaches to vaccination against sporozoite infection induce different effector responses. Protection induced by immunization with X-irradiated P. berghei sporozoites depends upon the response of antibody, CD8ϩ T cells, and IFN-␥ (27) as well as MHC class I (36) but not CD8ϩ CTLs (23) . Protection induced by immunization with recombinant adenovirus-CSP against P. yoelii sporozoite infection depends upon CD8ϩ T-cells but not upon IFN-␥ (24) . Protection in- a Mice were immunized on days 0, 28, and 56 and challenged 70 days after priming. I/n is the incidence rate, where I is the number of animals with parasitemia and n is the total number of animals in the group. Efficacy ϭ 1 Ϫ lv/lc, where Iv and Ic are the incidence rates in the vaccinated and control groups, respectively. P was calculated via Fisher's exact test (one tail).
duced by i.m. immunization with a P. yoelii CSP genetic vaccine depends upon CD8ϩ T-cells but not CTL and on non-T-cellderived cytokines (6) . Our data show that i.d. needle injection of a genetic vaccine was the only modality that induced a measurable IFN-␥ response, yet the protective effect induced by this approach was not significant compared to results for naïve control animals.
Our present data show that e.d. injection with low doses of plasmid by using a gene gun induced a strong protective effect against sporozoite challenge delivered by a single infectious mosquito bite, whereas i.d. injection with high doses of plasmid by using a needle did not. These results suggest the possibility that the active protective principle may lie within skin-localized Th2-type immunity. There are two options to consider. First, we show for the first time that production of CSP-specific IgE can be induced by genetic vaccination and that the kinetics of this IgE induction correlates with protection against sporozoite infection. Although IgE in association with immune complexes has been reported to contribute to cerebral malaria (20) , its effect on the sporozoite stage is not known. Second, the IgG1 titer induced by gene gun vaccination is significantly higher than that induced by i.d. injection. At least part of this increased IgG1 may correspond to that subpopulation whose production is dependent upon IL-4 rather than IL-12. IL-4-dependent IgG1 is able to bind to FcRIII and stimulate mast cell degranulation, but the IL-12-dependent population is not (9) .
Although these results and our previous results (17) show that low doses of CS genetic vaccines given by a gene gun induced a predominately Th2-type immune response whereas larger doses of vaccine given i.m. or i.d with a needle induced a predominately Th1-type response, a clear understanding of the protective effector mechanism has not been elucidated. Both studies show that significant protection against challenge by infectious mosquito appeared to be associated with the induction of the Th2-type response; however, it is not known whether this type of response would provide significant protection against the more widely used method of intravenous challenge.
